DNA topoisomerase II (topo II) is involved in unlinking replicating DNA and organizing mitotic chromosomes. Topo II is the target of many antitumour drugs. Topo II inhibition results in extensive catenation of newly replicated DNA and may potentially perturb chromatin assembly. Here, we show that the topo II inhibitor ICRF-193 does not prevent the bulk of nucleosome deposition, but perturbs nucleosome spacing in Xenopus egg extracts. This is due to the trapping of topo IIclosed clamps on the DNA rather than increased DNA catenation. Inhibition of replicative DNA decatenation has in itself little or no effect on nucleosome deposition and spacing, suggesting that DNA can easily accommodate the sharp bending constraints imposed by the co-habitation of nucleosomes and catenane nodes. Chromatin perturbation by topo II clamps may explain some dominant cellular effects of ICRF-193. Nucleosome-driven bending of precatenane nodes may facilitate their unlinking by topo II during unperturbed replication.
INTRODUCTION
Topoisomerase II (topo II) is a ubiquitous enzyme that is able to transiently break a DNA duplex and transport another DNA duplex through the break in an ATP-dependent manner. Topo II thereby contributes to unlinking DNA during replication, and is required for chromosome condensation and segregation at mitosis (Wang, 2002) .
Topo II is the target of numerous antitumour drugs. 'Topo II poisons', such as etoposide , act by stabilizing a covalent topo II-DNA catalytic intermediate named the cleavable complex because it produces a protein-linked DNA break after protein-denaturant treatment. It is thought that cleavable complexes must be processed into irreversible double-strand breaks by cellular machineries to exert their lethality (Li & Liu, 2001) . 'Catalytic inhibitors', such as the bisdioxopiperazine ICRF-193, inhibit topo II without stabilizing cleavable complexes. ICRF-193 traps the enzyme on the DNA in the form of a non-covalent intermediate named the closed clamp (Roca et al, 1994) . It is not clear whether the cellular effects of bisdioxopiperazines are due to inhibition of topo II activity or interference of closed clamps with DNA metabolism (Larsen et al, 2003) .
Previously we have studied the effect of topo II inhibition on plasmid DNA replication in Xenopus egg extracts. In the presence of replication intermediates show an excess of parental strand linkage (( þ )DLk) and highly catenated dimers accumulate (B1 catenane link per 200 base pairs (bp)), showing that topo II contributes to unlinking DNA during replication (Lucas et al, 2001) . There are two possible forms of ( þ )DLk on replication intermediates and, thus, two possible pathways for unlinking replicating DNA. The unreplicated portion may form ( þ ) supercoils, or the two replicated regions may wind around each other to form righthanded intertwinings. The latter will be trapped as ( þ ) catenanes if not removed before termination and are therefore called ( þ ) precatenanes (Schvartzman & Stasiak, 2004) . To determine whether topo II unlinks supercoils in front of the forks or precatenanes behind the forks, we trapped topo-II-cleavable complexes with VP-16 and mapped them with respect to replication forks by twodimensional (2D) gel electrophoresis. Cleavable complexes were detected only behind the replication forks, showing that topo II can unlink replicating DNA by precatenane removal (Lucas et al, 2001) . Nevertheless, the universality of the precatenane model is still open to discussion (supplementary information online).
In this study, we have analysed the effect of ICRF-193 on replication-coupled and replication-independent chromatin assembly in Xenopus egg extracts. The results show that ICRF-193 does not prevent the bulk of nucleosome deposition but perturbs nucleosome spacing, because topo II clamps sterically hinder the assembly of a maximal density of nucleosomes. This specific chromatin perturbation may explain some previously reported cellular effects of . Surprisingly, DNA catenation per se has no detectable effect on replicative chromatin assembly. Nucleosomes may thus force precatenanes into a sharply bent conformation, helping their unlinking by topo II.
RESULTS

Effects of ICRF-193 on replicative chromatin
The involvement of topo II in chromatin assembly on plasmid DNA has been studied previously in high-speed supernatants (HSS) of Xenopus eggs (Almouzni & Mechali, 1988a) . Supercoiled DNA incubated in HSS is rapidly relaxed by endogenous topoisomerases. Then, the re-isolated DNA appears progressively more (À) supercoiled, due to the relaxation of the ( þ ) supercoils introduced by nucleosome assembly. Camptothecin, a topo I inhibitor, inhibited (À) supercoiling, whereas topo II inhibitors did not. However, a small effect of topo II inhibition might have escaped detection because the most supercoiled topoisomers were not resolved. Furthermore, HSS do not replicate doublestranded DNA and therefore do not mimic constraints at the replication fork. We therefore studied the effects of ICRF-193 on chromatin assembly during replication of sperm nuclei in low-speed supernatants (LSS) of Xenopus eggs.
When demembranated sperm nuclei are incubated in LSS, there is an initial lag period of B25 min during which sperm chromatin decondenses and a new nuclear envelope reforms. After this lag, S phase starts abruptly and nuclei complete a rapid cycle of semiconservative DNA replication. We added ICRF-193 at t ¼ 20 min to avoid perturbation of the prereplicative period not relevant to replication-coupled chromatin assembly.
Pulse-chase labelling of replicating DNA and micrococcal nuclease digestion was used to monitor the structure of newly replicated chromatin at different durations after passage of the replication fork (Fig 1) . Nuclease digestion of newly replicated DNA close to the fork (1 min pulse, no chase) produced two principal resistant fragments of B150 and B80 bp. The B150 bp fragment corresponds to the length of DNA protected by one nucleosome. We assume that the B80 bp fragment arises from the digestion of an assembly intermediate consisting of B80 bp of DNA wrapped around an (H3/H4) 2 histone tetramer (Gruss et al, 1993) . We do not think it represents a secondary product of nucleosome digestion, as even after extensive digestion, the relative intensity of the B150 and B80 bp bands did not vary (data not shown). After a 4 min chase, the B80 bp fragment was chased out, as expected for an assembly intermediate, and a ladder of mono-, di-and trinucleosomes was detected. The extent and regularity of this ladder continued to increase after a 10 min and a 90 min chase. In the presence of ICRF-193, however, the degree of regularity that was reached at 10 and 90 min was reproducibly lower than in the control reaction (in nine out of nine experiments), as shown by the smoother peaks and valleys in the scan profiles (Fig 1) . Neither the mean spacing nor the amount of nuclease-resistant material was detectably altered. These results show that ICRF-193 does not prevent the bulk of nucleosome deposition, but perturbs the regular spacing of nucleosomes behind the replication fork. Topo II inhibitor perturbs chromatin structure T. Germe & O. Hyrien the study of Luke & Bogenhagen (1989) , there are B10 10 topo II dimers per microlitre of LSS. Increasing the amount of added sperm nuclei (3 Â 10 9 bp each) from 1,000 to 5,000 per microlitre would decrease the ratio of topo II dimers to nucleosomes from B0.66 to B0.13. This should decrease the density of topo II clamps along the DNA and attenuate the effect of ICRF-193 if it is due to topo II clamps but not if it is due solely to topo II catalytic inhibition. We found that increasing [nuclei] reproducibly (in four out of four experiments) diminished the effect of ICRF-193 on regular nucleosome spacing (Fig 2A) , suggesting that this effect is due, at least in part, to topo II clamps. The lack of significant chromatin perturbation by ICRF-193 at high [nuclei] shows that topo II activity per se is dispensable for both the bulk of nucleosome deposition and their correct spacing on replicated DNA. Thus, unresolved DNA catenanes have surprisingly little, if any, effect on these processes (see the Discussion).
To test whether ICRF-193 can perturb replication-independent chromatin assembly, sperm nuclei (1,000 nuclei/ml) were incubated in LSS in the presence of two different replication inhibitors. Geminin inhibits the assembly of the prereplication complexes (pre-RCs) at replication origins by blocking the function of Cdt1, an essential component of pre-RCs (McGarry & Kirschner, 1998; Tada et al, 2001) . p27Kip1 is a Cdk2 inhibitor that does not block pre-RC formation but prevents origin firing (Toyoshima & Hunter, 1994) . In the presence of either inhibitor, sperm chromatin decondensed and a new nuclear envelope reformed, but replication was efficiently blocked (Fig 2C) . In both cases, chromatin assembled in the presence of ICRF-193 was less regularly spaced than that assembled in its absence (Fig 2B) . This effect was weaker and less reproducible than for replication-dependent assembly, which may be due in part to the use of Southern blotting rather than metabolic labelling for DNA detection. Nevertheless, we have also found that ICRF-193 affects the spacing of nucleosomes assembled on sperm nuclei (see below, and data not shown) or on plasmid DNA (supplementary information online) incubated in HSS, which cannot replicate double-stranded DNA due to their inability to assemble a nuclear membrane. These results show that ICRF-193 can perturb nucleosome spacing independently of DNA replication and catenation. Omission of an ATP-regenerating system does not affect VP-16-induced cleavage of plasmid DNA. pBR322 was incubated at 5 ng/ml for 90 min in the presence or absence of 50 mM VP-16 in HSS, with or without an ATPregenerating system. DNA purified from cleavable complexes trapped by SDS addition and extracted with phenol (F), or DNA remaining in the aqueous phase (aq.), was electrophoresed in the presence of ethidium bromide, then blotted and hybridized with a pBR322 DNA probe.
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Topo II clamps perturb chromatin structure
To examine further whether topo II clamps alone explain chromatin perturbation by ICRF-193, we studied chromatin assembly coupled to complementary strand synthesis of M13 single-stranded DNA in HSS (Almouzni & Mechali, 1988b) . This process mimics replication-coupled chromatin assembly except that precatenane formation is eliminated because the DNA template is single stranded. The final nucleosome density reached after completion of complementary strand synthesis at different [DNA] in the presence or absence of ICRF-193 was measured by 2D chloroquine gel electrophoresis (Fig 3A) . At 5 ng/ml DNA (B7 topo II dimers per M13 DNA molecule), a significant decrease in nucleosome density due to ICRF-193 was reproducibly observed (in seven out of seven experiments). The shift in the topoisomer distribution peak between the control and the drug-treated sample was DLkB4. Despite the B10% reduction in nucleosome density, the distance between the mono-and dinucleosome bands on micrococcal nuclease ladders was not detectably altered (Fig 3B) , suggesting that the nucleosome deficit in the ICRF-193 sample was due to a minor fraction of abnormally long linker DNAs rather than an even increase of nucleosome spacing. At 15 ng/ml DNA (B2 topo II dimers per M13 DNA molecule), this deficit was reproducibly (in five out of five experiments) much reduced (DLkB1). These results confirm that ICRF-193 perturbs nucleosome spacing independently of DNA catenation, due to steric hindrance by topo II clamps. Some internucleosomal DNA linkers become abnormally long when they contain topo II clamps.
ICRF-193 interferes with close nucleosome packing
In the above 2D gel experiments, nucleosome assembly was monitored through a change in Lk. However, topo II clamps may increase Lk by constraining positive writhe (( þ )Wr), for example, by stabilizing DNA crossings rather than interfering with nucleosome assembly. This seems unlikely because the binding to plasmid DNA of yeast topo II in either the open or the closed clamp form does not alter its Lk distribution on relaxation by topo I (Trigueros et al, 2004) . To further exclude this hypothesis, we studied the effect of ICRF-193 at low [DNA] (5 ng/ml), under conditions where nucleosome assembly is decreased by omission of the ATP-regenerating system (Fig 3C) . In such conditions, ICRF-193 did not change the Lk distribution of the DNA template (Fig 3C) . It has been reported that ATP is not required for maintaining the closed clamp form of topo II (Roca et al, 1994) . Furthermore, omission of the ATP-regenerating system did Topo II inhibitor perturbs chromatin structure T. Germe & O. Hyrien not alter the trapping of topo II-DNA complexes by etoposide (Fig 3D) . Therefore, the lack of change in Lk argues against a stabilization of ( þ )Wr by . Following addition of an ATP-regenerating system to the same extract, however, nucleosome assembly was more extensive, and the reduction of final nucleosome density by ICRF-193 was again observed (Fig 3C) . This experiment was performed twice, with identical results. These results show that at suboptimal nucleosome density, topo II clamps and nucleosomes can coexist on the same DNA molecule without perturbing each other. Only when nucleosomes become closely packed do topo II clamps significantly limit nucleosome assembly, presumably due to steric hindrance.
Effects of topo II addition or depletion
Purified human topo II was added to LSS or HSS in sufficient quantity to increase topo II activity B3-fold, as assessed by decatenation of kinetoplast DNA (not shown). We found that topo II addition strongly increased the perturbation of chromatin structure by ICRF-193 during replication-independent chromatin assembly on sperm nuclei in HSS and replication-dependent assembly on M13 DNA in HSS (Fig 4) . These results confirm that ICRF-193 acts, at least in part, by trapping topo II clamps.
We assessed the effect of topo II immunodepletion on replication-coupled chromatin assembly on M13 DNA (5 ng/ml) in HSS (Fig 5) . Addition of ICRF-193 to mock-depleted extracts perturbed chromatin assembly as with undepleted extracts. However, topo II depletion (495%) almost completely abolished the effect of ICRF-193 on chromatin assembly (Fig 5) . These results (reproduced twice) show that ICRF-193 has no detectable effect on chromatin assembly other than by topo II inhibition. Note that topo II depletion alone slightly altered the efficiency of chromatin assembly compared with mock depletion (Fig 5) , and this effect was annihilated by re-addition of purified topo II (data not shown). This suggests that topo II contributes slightly to nucleosome assembly in these conditions. However, the effect of topo II depletion on chromatin assembly was always much weaker than ICRF-193 addition, confirming that most of the effect of ICRF-193 is attributable to topo II clamps.
DISCUSSION Topo II clamps and cellular effects of ICRF-193
The finding that topo II-closed clamps trapped by ICRF-193 perturb the chromatin structure provides a new basis to understand the cellular effects of bisdioxopiperazines. Expression of wild-type human topo IIa in yeast cells sensitizes them to bisdioxopiperazines even when coexpressed with a drug-resistant form of topo II, consistent with a dominant, intrinsic toxicity of topo II clamps (Jensen et al, 2000) . Given that chromatin is intimately involved in many DNA transactions, perturbation of the nucleosome array may compromise genome function in a variety of ways. For example, the reported effects of ICRF-193 on cellular differentiation (Tsutsui et al, 2001; Niitsu et al, 2002) may result from transcriptional reprogramming of key control genes after chromatin perturbation by topo II clamps.
Our findings that ICRF-193-and, to a lesser extent, topo II immunodepletion-perturb chromatin assembly does not necessarily contradict the study of Almouzni & Mechali (1988a) , who failed to observe an effect of topo II inhibitors during chromatin assembly on plasmid DNA in HSS. First, the simple onedimensional gel electrophoretic assay they used may well have missed the subtle changes that our 2D chloroquine gels can detect. Second, a different drug (novobiocin) was used to inhibit topo II. Third, we have found that, at the DNA concentration used (Downes et al, 1994; Skoufias et al, 2004) . However, the idea that catenation triggers a checkpoint is not easily conciliated with the fact that cells normally enter anaphase when their sister chromatids are still catenated (Shamu & Murray, 1992) . Also, it is not clear how the cell could measure precisely sister chromatid catenation-a global topological property that has no simple relationship to the local occurrence of DNA crossings. Interestingly, recent reports raise the possibility that chromatinbased defects may act as direct initiators of cell-cycle checkpoints (Bakkenist & Kastan, 2003; Mikhailov et al, 2004) . Therefore, we suggest that chromatin perturbation induced by ICRF-193, rather than DNA catenation per se, may trigger the 'decatenation' checkpoint. All our results are otherwise consistent with the results of Skoufias et al (2004) , showing that the checkpoint triggered by ICRF-193 is distinct from the DNA damage checkpoint.
DNA catenation and chromatin assembly
Our results show that inhibition of decatenation per se has little or no effect on the deposition and correct spacing of nucleosomes in sperm nuclei replicating in LSS. This is surprising given the high specific catenation reached by plasmid DNA replicating in LSS in the presence of ICRF-193 (about one catenane per 200 bp; Lucas et al, 2001 ). As there is no practical way to measure the catenation of long linear DNA molecules, we cannot exclude the possibility that sister chromatid catenation after topo II inhibition is much lower for sperm chromosomes than for plasmid DNA. Conversely, we have found that nucleosome deposition does occur on plasmid DNA catenanes (data not shown), suggesting that DNA can accommodate the sharp bending constraints imposed by a tight co-habitation of nucleosomes and catenane nodes. It was recently suggested that DNA is much more prone to sharp bending than was previously thought (Cloutier & Widom, 2004 ; but see Du et al, 2005) . This inherent flexibility may facilitate the sequestration of sharply bent, hooked juxtapositions of catenated DNA strands between nucleosomes (Fig 6) . Buck & Zechiedrich (2004) have proposed that type-2 topoisomerases use the local information at helix-helix juxtapositions to distinguish entanglements from two helices that are juxtaposed but not entangled. We speculate that during the unperturbed S phase, replication-coupled nucleosome assembly may facilitate (pre)catenane unlinking by transiently forcing (pre)catenane nodes into a hooked conformation that is a preferred substrate for their removal by topo II.
METHODS
All methods are described in the supplementary information online. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
